Intestinal epithelial cells of the neonatal rat and mouse have been shown to express a major histocompatibility complex (MHC) class I-like Fc receptor, or FcRn, which transports IgG in an apical to basolateral direction. Previous studies have suggested the possible expression of this receptor beyond the neonatal period within the liver. Since bile contains high levels of IgG, we sought to determine whether the FcRn was functionally expressed by adult rat hepatocytes. Using primers specific for FcRn, which did not cross hybridize with MHC class I transcripts, FcRn DNA was amplified by reverse transcriptase polymerase chain reaction from RNA of adult rat hepatocytes. This RNA contained functional FcRn transcripts as it encoded a beta 2-microglobulin-associated cell surface protein as determined by immunoprecipitation of biotinylated cell surface proteins with a polyclonal anti-FcRn specific antiserum. Western blotting of hepatocyte canalicular (apical) and sinusoidal (basolateral) plasma membranes with an FcRn-specific monoclonal antibody further confirmed the protein expression and suggested that FcRn was enriched on the canalicular surface membranes. FcRn, on the surface of hepatocytes, was biologically functional as it bound Fc fragments of IgG at pH 6.0 but not 8.0, which is the same pH dependence observed for FcRn in rat neonatal enterocytes. Invest. 1995Invest. . 95:2397Invest. -2402 
Introduction
The transport of immunoglobulin across an epithelial surface for specific immunoprotection of the external epithelial surface may occur by receptor nonspecific and specific mechanisms. Receptor-nonspecific mechanisms, which likely account for the diffusion of IgG into luminal fluids, are typically represented by paracellular sieving events whose efficiency is inversely related to the molecular weight of the transported molecule ( 1, 2) . Descriptions of receptor-specific transport are thus far limited to either the polymeric immunoglobulin receptor or a major histocompatibility complex (MHC) class I-related Fc receptor (3) (4) (5) . These two receptor systems differ in their specificity for immunoglobulin isotype, the vectoral direction of transport, and cell type of expression within the species. The polymeric immunoglobulin receptor is expressed on the basolateral surfaces of enterocytes, hepatocytes, and biliary ductular epithelial cells, and transports polymeric IgA and IgM to the apical surfaces, concentrating these immunoglobulins for antimicrobial defense and antigen exclusion (3) . The enterocyte receptor for IgG, which has homology to the MHC class I heavy chain and is associated with~6 2-microglobulin (,62M),' is expressed on neonatal enterocytes of the rat and mouse (4, 5) . IgG is transported transcellularly in a luminal to serosal direction across the intestinal epithelium of the neonate (6, 7) . The neonatal Fc receptor (FcRn) is likely to be responsible for passive loading of the neonate with maternally derived antibodies and/or antibody/antigen complexes (6) (7) (8) . Both may play a role in molding the immature immune system. On the apical surface of the enterocyte, the Fc portion of IgG is bound at the relatively acidic pH of the lumen. After transcytosis to the basolateral plasma membrane, discharge of the immunoglobulin occurs at the neutral pH of the interstitial fluids (6, 7) .
In this report, we show that the MHC class I-related FcRn of the rat is also functionally expressed on the surface of adult rat hepatocytes. The further observation that FcRn is present on the canalicular membranes of hepatocytes places this molecule in an anatomic context which allows for interactions with biliary IgG and immune complexes. These data have important implications for the presumed function of FcRn, for the role of the high concentrations of IgG previously observed in biliary fluids, and for immunosurveillance of the epithelial surfaces in general.
Methods
Antibodies. The rabbit anti-rat antibody for the FcRn is a polyclonal antiserum specific for the FcRn heavy chain (4) . Normal rabbit serum (Sigma Chemical Co., St. Louis, MO) served as the negative control. 1G3 is a mouse anti-rat FcRn monoclonal antibody (kindly provided by M. Raghavan, California Institute of Technology, Pasadena, CA) (9) .
Rat hepatocytes. Rat hepatocytes were prepared from normal, 250 g, Sprague-Dawley rats and resuspended in William's E media as described previously (10, 11) . A Percoll gradient centrifugation was done which has been shown to give > 99% pure hepatocyte preparations (12). This was confirmed using esterase staining which identifies Kupffer cells.
Cell lines. LRP-I (kindly provided by Dr. Joan S. Hunt, University of Kansas Medical Center, Kansas City, KS) is a rat trophoblast-derived cell line.
Reverse transcriptase (RT)-PCR. The cDNA Cycle Kit (Invitrogen, San Diego, CA) was used to prepare first strand cDNA for PCR. Total RNA (1 Itg) from either rat neonatal intestine or adult rat hepatocytes was used as a template. Two 1-h rounds of cDNA synthesis were done at 420C using random primers. PCR was done on phenol/chloroformextracted and ethanol-precipitated cDNA using Taq polymerase (PerkinElmer Cetus, Norwalk, CT) and the cycle conditions: 30X (940C, 1 min; 550C, 2 min; 720C, 3 min). The amplification primers used, shown 5' to 3', were: TGCGGTTCAACCCAAGAA (a2 domain of FcRn, primer D), and TCATCTCCACGTTTGACC (a3 domain of FcRn, primer E). PCR products were resolved by electrophoresis on a 1.5% agarose gel, stained with ethidium bromide, and photographed. The 388-bp D to E product was excised from a 1.5% gel and electrophoretically transferred to low melting agarose (NuSieve® GTG®; FMC Corp. Bioproducts, Rockland, ME). Thermal cycle sequencing (CircumVentm Kit; New England Biolabs Inc., Beverly, MA) was performed directly on DNA from the agarose, using 32P end-labeled primers D and E.
Northern blot. Total RNA (10 ug) was resolved on a denaturing agarose gel and transferred to a nylon membrane (Biotransl; ICN, Irvine, CA). RNA was cross-linked to the membrane by ultraviolet illumination (Stratalinker®; Stratagene, La Jolla, CA). The blot was hybridized with 2 x 106 cpm/ml of 32P-labeled probe made by a random primer method (Prime-it's RmT; Stratagene) and passed through a 1-ml G25 spin column to remove free nucleotides. The blot was hybridized for 1 h in QuickhybA (Stratagene) at 68°C; the final wash was 0.1 x SDS at 600C. The blot was exposed on a phosphor screen (Eastman Kodak Co., Rochester, NY) and analyzed on a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
Preparation of basolateral and canalicular rat hepatocyte plasma membranes. Canalicular and basolateral plasma membranes were isolated using a modification of the method of Song et al. (13) . Briefly, after an overnight fast, the animals were killed, the liver was excised, flushed with 20 ml of ice cold 1 mM NaHCO3 buffer, pH 7.4, and homogenized with 15 strokes of a Dounce homogenizer in NaHCO3 buffer. After filtering through gauze, a sample of the homogenate was collected and the remaining homogenate was centrifuged for 10 min at 1,500 g. The pellet was resuspended in 5.5 vol of 56% (wt/wt) sucrose solution, and a discontinuous sucrose gradient (with 42 and 38% wt/ wt sucrose) was layered. The membranes were centrifuged for 60 min at 66,000 g. The upper interface (canalicular fraction) was removed, washed in NaHCO3 buffer, and repelleted at 1,500 g. The lower interface was resuspended in sucrose to a density of 1.22 (g/ml), and the discontinuous sucrose gradient and centrifugation steps were repeated. The lower interface (basolateral fraction) was removed, washed with 1 mm NaHCO3, and repelleted. Membranes were resuspended in 250 mM sucrose, 10 mM Hepes, pH 7.4, solution. All procedures were performed at 4°C. Membrane protein concentrations were quantitated using the Bradford method of protein quantification (Biorad, Hercules, CA) with BSA as a standard. Membrane purity was validated using the characteristic enzyme markers Na+-K+ ATPase (sinusoidal), NADPH cytochrome c reductase (endoplasmic reticulum), and leucine aminopeptidase (canalicular), and measuring for enrichment and/or exclusion of enzymatic activity relative to the homogenate as described previously (14) .
Cell surface biotinylation and immunoprecipitation. Approximately NaCl, 1 mM EDTA, 10 mM iodoacetamide, 1% Nonidet P40, 200 Mgg/ ml BSA, phenylmethylsulphonylfluoride (PMSF) (100 jg/ml), and aprotinin, chymostatin, pepstatin A, antipain, and leupeptin (each 1 mg/ ml). After 30 min on ice, the lysate was centrifuged at 14,000 g for 15 min at 4°C. The supernatant was centrifuged for 30 min at 4°C at 100,000 g in a TL-100 ultracentrifuge (Beckman Instruments, Inc., Fullerton, CA). The supernatant was collected and precleared overnight at 4°C with 20 Ml of packed protein A-Sepharose beads (Pharmacia LKB Biotechnology Inc., Piscataway, NJ). Before immunoprecipitation, SDS and desoxycholic acid were added to final concentrations of 0.1 and 0.5%, respectively. After heating for 5 min at 95°C, the lysate was precleared three times with normal rabbit serum and immunoprecipitated with the rabbit anti-rat Fc receptor antibody as described previously (15) . The immunoprecipitates were then washed 10 times with immunoprecipitation buffer and resuspended in 30 Al of Laemmli sample buffer (16) containing no reducing agents. PAGE and Western blotting using enhanced chemiluminescence (ECL). The immunoprecipitates were resolved by PAGE in the presence of SDS and transferred to nitrocellulose as described previously (15) . Plasma membrane vesicles containing 100 jig of protein were solubilized directly in Laemmli sample buffer containing reducing agents and 100 Mg/ml PMSF. The solubilized proteins were resolved by SDS-PAGE and immunoblotted as described previously (15) with the FcRn heavy chain-specific monoclonal antibody, 1G3, as ascites diluted 1:250 in phosphate-buffered saline containing 5% nonfat dry milk (Carnation) and 0.02% sodium azide. Detection was accomplished with a goat anti-mouse horseradish peroxidase-conjugated antibody and ECL as described above.
Fc binding assay. Rat hepatocytes were dispensed into microcentrifuge tubes (2 x 106 cells/tube) and spun down at 2,000 rpm for 2-3 min at 4°C. The resulting cell pellets were washed with DME, 20 mM Hepes, pH 6.0 or 8.0, at 4°C, and resuspended in 0.2 ml of the same medium. The cell suspension was then seeded into 12-well plates and assayed immediately. '25I-Fc (200 ng ml-', 4 X 10-9 M) in DME, 20 mM Hepes, 1 mM KI, 0.1 % fish gelatin, pH 6.0 or 8.0, with or without 0.5 mg ml-' unlabeled human IgG (3.3 x 106 M) was added to each well. Cells were allowed to bind IgG at 37°C, 5% CO2 for 2 h. Cells were then transferred to microcentrifuge tubes and spun down at 2,000 rpm for 2-3 min at 4°C. Unbound ligand was removed by washing the pellets once with DME, 20 mM Hepes, pH 6 .0 or 8.0, at 4°C. Cells were then spun down, dissolved in 0.5 ml 0.1 M NaOH, and transferred to vials. The bound radioligand was measured in a CliniGamma 1272 gamma counter (LKB Wallace, Piscataway, NJ). Northern blotting showed evidence of possible FcRn transcription in adult rat liver (4). Since the transcript was only identified at long exposures with near full-length cDNA probes, it could not be determined whether the minor transcripts observed represented cross hybridization with MHC class I transcripts. To readdress whether a specific message for the FcRn could be identified in adult rat liver, RT reactions were done on rat hepatocyte RNA, followed by PCR with primers specific for the rat FcRn. PCR products from the primer pair D and E are shown in Fig. 1 a, where the expected band of 388 bp is clearly seen.
Results
To determine whether the product in the hepatocyte lane was indeed amplified FcRn, this band was excised and directly sequenced. The portion of the PCR fragment sequenced, underlined in Fig. 1 b, was 100% identical to the previously determined sequence of rat FcRn and did not contain any intron sequences indicating their origin from mRNA and not genomic DNA. Confirmation of the authenticity and relative quantity of the FcRn mRNA detected was obtained by Northern blotting. Using the full-length FcRn as a probe, a specific message of 1.7 kb (arrow) could be detected in rat neonatal jejunum and adult hepatocytes but not the rat trophoblast-derived cell line, LRP-1 (Fig. 2) . The quantity of specific message detected in the adult rat hepatocytes was lower than the levels detected in rat neonatal jejunum, further suggesting that transcriptional levels of FcRn may be regulated either developmentally or in an organ-specific fashion.
Expression of FcRn on the cell surface of rat hepatocytes. To determine whether the observed FcRn message encoded detectable protein, immunoprecipitation of cell surface proteins was performed. Total cell surface proteins of normal adult rat hepatocytes were biotinylated and a lysate of biotinylated proteins was prepared in immunoprecipitation buffer containing NP-40, at pH 8.0, to prevent binding of the Fc region of immunoglobulin by the FcRn (6, 7) . Resolution of the immunoprecipitates using normal rabbit serum, as a control, and an antiFcRn heavy chain-specific antiserum is shown under nonreducing conditions in Fig. 3 Although it cannot be ruled out that these bands represent some binding of the normal rabbit immunoglobulin by FcRn on hepatocytes despite the stringency of the immunoprecipitation conferred by the pH of 8.0 and boiling in SDS and desoxycholic acid, this seems unlikely due to the reproducible absence of associated f2M on overexposed images (data not shown). Thus, a FcRn heavy chain-specific antiserum could immunoprecipitate a,2M-associated heavy chain from the cell surface of normal adult rat hepatocytes. Expression of the FcRn on rat hepatocyte cell surface membranes. To further confirm that the FcRn was expressed on the hepatocyte cell surface and to determine its relative expression on the sinusoidal (basolateral) and canalicular (apical) membrane domains, the following studies were performed. Canalicular and sinusoidal plasma membranes were isolated using sucrose gradient centrifugation (13) . Sinusoidal and canalicular membrane vesicles were enriched relative to crude liver homogenate 16.8-and 2.6-fold in the specific activity of Na+-K+ ATPase, respectively, and, 3.42-and 11.8-fold in leucine aminopeptidase activity, respectively. alicular plasma membrane preparations exhibited exclusion of NADPH-cytochrome C-reductase to 0.42-and 0.53-fold, respectively, compared with liver homogenate. The homogenate, sinusoidal, and canalicular membrane preparations were solubilized directly in Laemmli buffer with reducing agents. An equivalent amount (100 tug) of the solubilized membranes was then resolved by SDS-PAGE and Western blotted with the mouse anti-rat FcRn-specific monoclonal antibody, 1G3. As can be seen in Fig. 4 , the FcRn-specific monoclonal antibody detected a band of -50 kD (arrow), in the homogenate, sinusoidal, and canalicular preparations. This band had the same mobility as the FcRn detected in Fig. 3 with the rabbit anti-rat FcRn antibody. The relative quantity of FcRn detected by this method was greater in the enriched canalicular preparations in comparison with either the homogenate or enriched sinusoidal preparations. This suggests that FcRn expression is enhanced on the apical cell surface of normal adult rat hepatocytes.
Functional expression ofFcRn on rat hepatocytes. To determine whether the FcRn on rat hepatocytes was functional and thus competent to bind the Fc region of IgG, the following studies were performed. Freshly isolated normal rat hepatocytes were incubated at 370C with '25I-labeled IgG Fc fragments.
Binding was defined by determining the quantity of radioactive label bound at either pH 6.0 or 8.0. Fig. 5 shows that normal rat adult hepatocytes bind IgG Fc fragments at pH 6.0, but not at pH 8.0, consistent with the previously described pH depen- 14 D dence of the FcRn in rat neonatal enterocytes (6, 7) . Thus, the rat hepatocyte FcRn is functionally competent to bind IgG.
Discussion
We have shown that FcRn is functionally expressed on the cell surface of normal adult rat hepatocytes. Furthermore, the studies with the plasma membrane preparations suggest that FcRn expression is enhanced on the canalicular (apical) domain of the cell. These data are consistent with earlier observations by Hopf (1, 18, 19) . IgG concentrations are commonly equivalent to those of IgA which is concentrated in biliary fluids relative to peripheral blood by the function of the polymeric immunoglobulin receptor (3, 20) . The origin of the luminal IgG is not completely known and its role in luminal defense is not well appreciated. It is increasingly evident that, to a large extent, luminal IgG is generated by local immunoglobulin-secreting B cells (ISBC) within the hepatic parenchyma (21) . These ISBCs increase in number after either enteral or parenteral immunization with a variety of antigens (21) (22) (23) (24) . In addition, subsequent to immunization, antigen-specific immunoglobulin responses can be observed within the biliary fluids suggesting that local production of IgG leads to luminal diffusion, possibly via paracellular sieving events as described previously in model systems (21, 22) . Biliary IgG normally possesses specific antibacterial activity in the absence of specific immunization suggesting ongoing production of IgG against a variety of potential luminal pathogenic events (20, 25). Indeed, the biliary tract is a site for primary and secondary pathogenic events suggesting that luminal IgG may provide immunoprotection to the biliary tract and upper small intestine. Primary pathogenic events include a variety of parasitic infections whose life cycles may be solely luminal without a phase of tissue invasion (26) . During biliary tract obstruction, the biliary tree is commonly secondarily infected with enteric bacteria (27) . Thus, the normal and compromised biliary tract is subject to a variety of infectious assaults.
Although the characterization of the enriched plasma membrane preparations clearly documents that the FcRn can be detected and may be enriched apically (Fig. 4) , as a steady state measurement, these studies do not address the dynamics of receptor movement between the apical (canalicular) and basolateral (sinusoidal) surfaces. One potential model is that the FcRn is responsible for the transport of IgG into bile from blood-a basolateral to apical pathway of receptor movement. Alternatively, akin to the previously described transcytotic pathway in neonatal enterocytes (6, 8) , the FcRn could provide a mechanism for the transcytosis of IgG and/or IgG/antigen complexes from the apical to the basolateral surface of the hepatocyte. Thus, by virtue of the luminal placement of the FcRn on the canalicular surface, the host might possess the ability to specifically sample for pathogenic luminal antigenic events. In this latter model (Fig. 6) (28) (29) (30) (31) (32) . Furthermore, CD4+ T cells can be observed within the liver (21, 23) . It is thus feasible that the processing and presentation of luminally derived antigenic peptides by Kupffer cells would lead to the specific activation of antigen-specific, MHC-restricted local T cells and consequently local B cells of the appropriate specificity. These B and T cells have presumably localized to the hepatic parenchyma consequent to previous extrahepatic enteral, and possibly parenteral, foreign antigen exposures (21) (22) (23) (24) . In this manner, transcytosis of antibody/antigen complexes by a functional FcRn would provide local immunosurveillance against luminal pathogenic assaults. This is consistent with the immunization data suggesting that enteral immunization leads to the migration of specific ISBCs into hepatic lobules that would be available to monitor biliary luminal events (21 
